(ICA) for the evaluation of coronary artery disease were asked to participate in this study. All study candidates underwent transthoracic echocardiography during hospitalization for ICA. This study excluded patients with unstable vital signs, ongoing chest pain, atrial fibrillation, significant valvular heart disease (greater than mild degree of regurgitation or stenosis), impaired LV systolic function (LV ejection fraction <50%), severe mitral annular calcification, and left bundle branch block. We obtained information on demographic characteristics, including age and body mass index, as well as traditional risk factors, including history of hypertension, diabetes, dyslipidemia, and ischemic heart disease. Body mass index was calculated by dividing wieght (kg) by height (m 2 ). Diabetes was defined by a previous history of diabetes or antidiabetic medications. Hypertension was defined by a previous history of hypertension or antihypertensive medications. Dyslipidemia was defined as a previous history of dyslipidemia or antidyslipidemic medications. Venous blood samples for laboratory tests were collected after overnight fasting of 8 hours, and white blood cell count, hemoglobin, glucose, HbA1c, uric acid, total cholesterol, low-density lipoprotein, high-density lipoprotein, triglyceride, C-reactive protein, and serum creatinine were measured. Estimated glomerular filtration rate (eGFR) was calculated using the following formula: 175 × serum creatinine −1.154 × age −0.203 (× 0.742, if a woman). 17 The study protocol was approved by the Institutional Review Board of Seoul National University Boramae Medical Center (Seoul, Korea), and informed consents were obtained from all study patients.
Cardiac catheterization
Central aortic pressure measurements were performed in the ascending aorta using a 6F fluid-filled pigtail catheter with a patient in the supine position before ICA. Pressure tracing was recorded using a hemodynamic monitoring system (Horizon XVu-hemodynamic monitoring system; Mennen Medical, Haifa, Israel) at a speed of 100 mm/s. The waves were printed out, and the amplitude and duration of the waveform was measured (Figure 1 ). The mean arterial aortic pressure was calculated as 1/3 systolic + 2/3 diastolic pressure. PP was calculated as the difference between the peak systolic pressure and the pressure of end-diastole. Pulsatility is presented as the ratio of PP to mean arterial aortic pressure (fractional pulse pressure (FPP)). 18, 19 The ratio of PP to diastolic pressure (pulsatility index (PI)) was also used for another index of aortic stiffness. 19 Augmentation index (AIx) was defined as the ratio of the difference between peak systolic pressure and inflection pressure to PP and was expressed as a percentage. Reflected time (Tr) was defined as the time between the pressure of end-diastole and the inflection pressure, representing the time needed for pressure waves to travel from the aorta to the peripheral reflecting site and then return. 20 Ejection duration (ED) was defined as the time between pressure of end-diastole and pressure of endsystole. Three consecutive beats were averaged in each case. ICA was performed according to the standardized technique. A diseased artery was defined as having >50% stenosis among major epicardial coronary arteries or its branches sized at >2 mm in luminal diameter.
Echocardiography
Transthoracic echocardiography was performed using a 2.5-MHz probe with commercially available ultrasound systems (Sequoia, Siemens Medical Solutions, CA; or Vivid 9, GE Medical Systems, MA). Parameters representing LV diastolic function were our main focus during the examination. M-mode echocardiographic features were used for the measurement of LV internal dimension (LVID) and wall thickness from a parasternal short-axis view in most cases. In some cases with poor visualization and poor angle, a 2-dimensional method was used for chamber dimension and wall thickness instead (2.6%). The LV ejection fraction was calculated using the Teichholz method in most cases (74.5%). The biplane method (17.6%) was applied in patients when they had a regional wall motion abnormality, and visual estimation (5.2%) or the 2-dimensional method (2.6%) was applied in those with poor visualization for calculation of LV ejection fraction. The LV mass (LVM) was calculated with a validated formula and indexed to the body surface area (LVM index). LVM (g) = 0.8 × {1.04 ((LVIDd + PWTd + SWTd) 3 -(LVIDd)) 3 + 0.6 g, where LVIDd is the LVID at end-diastole, PWTd is the posterior wall thickness at enddiastole, and SWTd is the ventricular septal wall thickness at end-diastole. 21 Relative wall thickness was calculated as (2 × PWT)/LVIDd. 21 The peak early transmitral filling velocity during early diastole (E), late diastole (A), and deceleration time (DT) were imaged at the tip of the mitral leaflets from an apical 4-chamber view. Color-coded tissue Doppler imaging was applied to the apical 4-chamber view to determine mean early (e') and late (a') velocity at the septal mitral annulus. E/e' was calculated as an index of LV filling pressure. 22 The left atrial volume (LAV) was calculated using the biplane method and indexed to the body surface area (LAV index (LAVI)). 21 All measurements represented the average of 3 consecutive cardiac cycles. Two experienced cardiosonographers performed echocardiography. Interobserver agreements of septal e' and E/e' were evaluated by Pearson's correlation among 50 subjects. Correlation coefficients were 0.96 and 0.92 for e' and E/e' , respectively, in our laboratory.
Statistical analysis
Continuous variables are presented as mean ± SD, and categorical variables are expressed as percentages. Univariate associations between parameters of echocardiography and central aortic PP monitoring were assessed using simple linear regression analyses. Mulivariable linear regression analysis was subsequently applied to examine independent relationships between individual parameters that had significant associations in univariate analyses. Central PP, FPP, and PI were entered individually into separate multivariable models that included potential confounders, including age, height, heart rate, acute myocardial infarction, HbA1c, uric acid, eGFR, and total cholesterol, and the use of vasoactive agents, including calcium channel blocker, beta-blocker, rennin-angiotensin system blockers, and statin were adjusted in each model. Scatter plots were used for the demonstration of linear correlations between 2 parameters. A P value of <0.05 was considered statistically significant. All statistical analyses were conducted using SPSS 18.0 (SPSS, Chicago, IL).
RESULTS

Baseline characteristics of study patients
One hundred fifty-three patients were enrolled in this study. Most patients (74.5%) underwent invasive hemodynamic study and echocardiography on the same day, and all patients underwent both tests within 3 days. The baseline clinical characteristics of study patients are shown in Table 1 . Their mean age was 64.1 ± 11.5 years, and 62.1% of the patients were men. Proportions of patients with traditional risk factors of hypertension, diabetes, and dyslipidemia were 65.4%, 28.1%, and 36.6%, respectively. Approximately a quarter of the patients (24.8%) were current smokers. Most patients (88.2%) had a significant luminal stenosis (>50%) at ≥1 of their coronary arteries in ICA. Fifty-four patients (35.3%) had 3-vessel disease. The mean values of major laboratory findings, including blood cell count, hemoglobin, glucose, HbA1c, uric acid, total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, C-reactive protein, and eGFR were within the normal range. Proportions of patients taking calcium channel blockers, beta-blockers, renin-angiotensin system Table 2 . In general, LV systolic function was within normal range because of inclusion criteria. Otherwise, decreased E/A ratio and e' velocity and increased deceleration time and LAVI indicate impaired LV diastolic function of study subjects. AIx and Tr were measured in 117 patients (76.4%) because other patients had no detectable inflection points.
Univariate analysis
Univariate associations between parameters of LV diastolic function by echocardiography and central aortic pressure measurement are shown in Table 3 . The e' velocity and E/e' were positively associated with PP, FPP, and PI (P < 0.05 for each). LAVI was associated with PP, FPP, PI, Aix, and Tr (P < 0.05 for each). The strongest correlations were observed for the PP and both e' and E/e' (β = −0.467 and 0.479, respectively; P < 0.001 for each). E/A and DT were not associated with parameters of central aortic pressure measurement (P > 0.05 for each).
Multivariable analysis
Multiple linear regression analyses showing the independent associations between parameters of aortic pulse wave and LV diastolic function are demonstrated in Table 4 . Parameters having significant correlations in univariate analyses were entered into multivariable analyses. PP, FPP, and PI were significantly associated with LV relaxation (e' velocity) and LV filling pressure (E/e') even after adjustment for potential confounders, including age, height, heart rate, acute myocardial infarction, HbA1c, uric acid, eGFR, total cholesterol, and the use of vasoactive agents, including calcium channel blockers, beta-blockers, rennin-angiotensin system blockers, and statin (P < 0.05 for each). LAVI was not associated with these central pressure parameters (P > 0.05 for each). Also, independent associations of AIx and Tr with LAVI were not found in these analyses (P > 0.05 for each). Linear correlations between 2 variables having significant associations in multivariable analyses are demonstrated in scatter plots (Figure 2 ).
There were significant correlations of brachial PP with e' (β = −0.397; P < 0.001) and E/e' (β = 0.321; P < 0.001), which is consistent with the results of central PP. However, these associations were weaker than those of central PP when we compared β values. There were no significant correlations of brachial PP with E/A, DT, and LAVI (P > 0.05 for each).
DiSCUSSiON
This study aimed to explore the relationship between parameters of central aortic pulse wave and LV diastolic function in patients undergoing ICA. Increased PP, FPP, and PI of the ascending aorta as measured by invasive catheterization were independently associated with reduced LV relaxation (e') and increased LV filling pressure (E/e'). This finding supports the concept of a close interaction between aortic stiffness and LV diastolic dysfunction.
There is growing evidence that increased aortic stiffness is closely related to LV diastolic dysfunction. Previously, Data are mean ± SD. we have shown independent associations between arterial stiffness measured by brachial-ankle pulse wave velocity and E/e' in apparent healthy subjects. 9 A study conducted by Eren et al. demonstrated that aortic distensibility is the parameter most closely related to DT of mitral inflow during diastole in patients with hypertension or diabetes. 10 Mottram et al. have also reported a strong negative correlation between peak early diastolic mitral annular velocity and arterial compliance in hypertensive patients. 11 Miyoshi and colleagues have shown, in a study of 206 consecutive subjects undergoing ICA, that arterial stiffness measured by cardio-ankle vascular index is correlated with echocardiographic parameters regarding LV diastolic function. 13 In line with these findings, our study showed significant associations of central PP, FPP, and PI with LV relaxation (e') and LV filling pressure (E/e'). Although mechanisms underlying the association between aortic stiffness and LV diastolic function have not yet been fully determined, the development of LV diastolic dysfunction promoted by increased aortic stiffness may be considered a common causal pathway. In a stiffened aorta, reflected waves return earlier from the periphery, which subsequently augments systolic pressure and decreases diastolic pressure of the aorta, resulting in increased PP. 23, 24 The consequent increase in afterload during systole and decrease in coronary reperfusion during diastole induce LV hypertrophy and its related LV diastolic dysfunction. Additionally, subendocardial ischemia and the aging process associated with increased aortic stiffness further impair LV diastolic function. [8] [9] [10] 23, 25 Central PP is increased by aortic stiffening, so it is widely accepted as a surrogate measure of aortic stiffness. More important, central PP is associated with increased risk of cardiovascular events and deaths. It has been reported that the predictive value of PP is greater than that of systolic blood pressure. 26, 27 In addition, central PP shows higher predictive value in the prediction of the extent of coronary artery disease and cardiovascular events than peripheral PP because it more accurately reflects loading conditions of LV myocardium. 6, 28 Therefore, it has been suggested that central rather than peripheral PP should be measured to determine true hemodynamic effects of vasoactive medications on target organs. 29 Results of our study provide additional support for the value of indices of central aortic pressures, including PP, FPP, and PI, that influence target organ damage, particularly diastolic heart failure. 26 Echocardiography using the tissue Doppler imaging technique is easy to perform and is an essential component in the evaluation of LV diastolic function. In addition, e' is well correlated with invasively measured indices of LV relaxation, and E/e' is well correlated with LV filling pressure. Both parameters have been widely used as markers of LV diastolic function. [30] [31] [32] [33] Clinical studies have also shown good prognostic value of these parameters in various cardiac diseases and the general population. [3] [4] [5] Our study indicates that these useful and simple parameters can predict invasively measured aortic PP, FPP, and PI and that value of the tissue Doppler imaging should be further strengthened as a potential screening tool.
In recent years, there has been much attention paid to the importance of ventricular-vascular stiffening interactions and arterial pressure waves. 9, 11, 12, 14, 15 However, indirect and noninvasive methods for measuring central aortic pressure have been used in most such studies. Few studies have examined the association between central hemodynamics and LV diastolic dysfunction using invasive hemodynamic techniques. 33, 34 Our study provides a mechanistic insight explaining a close interaction between aortic stiffness and LV diastolic function using invasive catheterization. More important, our study results have therapeutic implications. Given that LV diastolic function is affected by increased aortic stiffness, we can hypothesize that therapies reducing aortic stiffness would be beneficial in the prevention and treatment of LV diastolic dysfunction. These results have clinical implications, considering the high prevalence of LV diastolic dysfunction and its poor prognosis. 6, 7 Indeed, it has been reported that vasoactive agents reducing aortic stiffness improve exercise capacity in patients with diastolic dysfunction. 35 Further studies with a large sample size and a prospective design are needed to confirm our results.
AIx has been considered as a marker of aortic stiffness. Many prior studies have shown significant correlation between AIx and LV diastolic function. 34, 36 However, there was no association of AIx with diastolic indices in our study. There is the possibility that manual determination of the inflection point of aortic pressure in our study might not be precise and cause some bias. Zpolski et al. reported independent association between LAVI and invasively measured central PP in patients with type 2 diabetes undergoing elective coronary angiography. 33 Although LAVI had significant associations with PP, FPP, PI, and AIx in univariate analyses, its significance was abolished in multivariable analyses in our study. Discrepancies between these 2 studies are mainly due to different study populations, method for measuring LAVI, and variables adjusted for in multivariable models. This study has several limitations. First, associations between parameters of LV diastolic function and aortic pressure were determined using cross-sectional data; therefore, the possibility of the temporal relationship exists. Second, our study population was restricted to middle-aged Koreans referred for ICA, so our results may not be applicable to other populations. Third, the fact that accurate detection of infection time points was not feasible in some patients (23.6%) may cause biases, especially during analyses of AIx and Tr. Lastly, study patients were taking various vasoactive medications affecting LV and arterial hemodynamics. However, adjustment for these medications did not change relationships of e' and E/e' with PP, FPP, and PI.
This study demonstrated that increased central PP, FPP, and PI measured by invasive catheterization were independently associated with reduced LV relaxation and increased LV filling pressure in patients undergoing ICA. These results support the concept of close interactions between aortic stiffness and LV diastolic function. Target therapies that can reduce central aortic stiffness may be beneficial in patients with diastolic dysfunction. Further studies with a larger sample size and a longitudinal design are needed to confirm our results.
